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instead for amplification and sequencing of this locus. The sequences obtained were trimmed to 133 cover the same region of the xpt gene reported previously (1) and the identical alleles to those 134 described earlier were determined for some isolates, indicating that the same locus is targeted by 135 using both primer sets, as observed for SDE (36) . 136
Unique sequencess at each locus were assigned allele numbers. The combination of the seven 137 allele numbers for each isolate was used to define the sequence type (ST). ST assignment was 138 done following the numbering started by Ahmad et al for human invasive isolates recovered in 139 the US (1) . Data for three of these isolates were included in the analysis (corresponding to ST2 to 140 ST4). The ST1 isolate in the North-American study failed to yield a PCR product for the xpt 141 gene so it was excluded from the current analysis. ST1 in our study was assigned to the ST that 142 shared all other six alleles with that isolate. The MLST data of S. canis strain FSL Z3-227 was 143 extracted from the genome shotgun sequence assemblies obtained from GenBank (accession 144 numbers AIDX01000001 to AIDX01000003) (33) and also included in the analysis. Strain FSL 145 Z3-227 was isolated in an outbreak of bovine subclinical mastitis in the USA (54). The 146 goeBURST algorithm (21) implemented in the PHYLOViZ software (22) was used to establish 147 relationships between STs. Clonal complexes (CCs) were defined at the single-locus-variant 148 (SLV) and double-locus-variant (DLV) levels. 149
Phylogenetic analysis of the 16S rRNA and MLST loci. Sequence alignments were performed 150 manually. MEGA (version 5) (53) was used to construct trees by using the neighbor-joining 151 algorithm and the Kimura two-parameter substitution model. to the 16S rRNA gene of the GAS type strain allowing for comparison to the 1435bp analyzed 157 was selected for construction of the tree (acession number CP003068). MLST sequence data 158 from GAS and SDE used for the phylogenetic comparison with S. canis loci was obtained from 159 the respective MLST databases (http://www.mlst.net/). The yqiZ (also called atoB) (36) gene 160 used in the SDE MLST scheme and the yqiL gene used for GAS are distinct loci and were 161 excluded when concatenating the internal fragments of the genes used in MLST. 162 PFGE and emm typing. Isolates were characterized by PFGE macrorestriction profiling and by 163 emm typing as previously described (43). Briefly, PFGE patterns generated after SmaI 164 (Fermentas, Vilnius, Lithuania) digestion were compared by using Bionumerics software 165 (Applied Maths, Sint-Martens-Latem, Belgium) to create dendrograms by the unweighted-pair 166 group method with arithmetic means (UPGMA). The Dice similarity coefficient was used with 167 optimization and position tolerance settings of 1.0 and 1.5, respectively. Clusters were defined as 168 groups of isolates (n ≥ 2) presenting profiles ≥80% related on the dendrogram (43 0.887 ± 0.044) were found among the 86 isolates characterized in our study, from which 22 were 226 novel STs (ST1, and ST5 to ST25). The number of alleles ranged from 5 (for murI, mutS and 227 yqiZ) to 9 (for gki and xpt). All alleles previously described in isolates recovered from human 228 infections in the US (1) were also present in isolates from house pets characterized in the current 229 study, except for the recP3 allele (GenBank accession number FJ238476) that was solely found 230 in ST4. The numbering of the S. canis alleles found at the different loci and respective GenBank 231 accession numbers are given in supplemental table 1. The MLST data used in the current work is 232 given in supplemental table 2. 233
The goeBURST analysis of all 90 isolates that have been characterized by MLST to date 234 (including the three isolates characterized previously and the S. canis FSL Z3-227 isolate for 235 which MLST data was obtained from the genome sequence project) revealed that 17 STs were 236 grouped into 5 CCs defined at the SLV level while 8 STs were singletons (i.e. had no SLVs in 237 the data set) (SID ± 95% CI, 0.804 ± 0.053) (Fig. 2) . At DLV level 5 CCs and 3 singletons could 238 be identified (SID ± 95% CI, 0.752 ± 0.054). All STs had at least one triple locus variant (TLV) 239 in the dataset except for ST25 which shared no more than one allele with any other ST. The 240 isolate having ST25 had unique gki, gtr, mutS, recP and yqiZ alleles. This isolate also had a 241 unique 16S rRNA sequence (allele SC9 in Fig. 1 ) and was recovered from a cat in Germany. ST9 242 (n = 24), ST13 (n = 13) and ST1 (n = 11) were the most frequent STs in isolates from both 243
Portugal and Germany and together accounted for more than half of the isolates. These STs were 244 identified as the putative founders of the CCs in which they were included ( found in human isolates were also found among isolates from house pets ( Fig. 2A) . 254 ST9, ST2 and ST3 found in human isolates were also detected in house pets in both Portugal and 255 Germany (Fig. 2B) . The CCs formed included isolates from both Portugal and Germany and only 256 CC11, which included the smaller number of isolates (n = 3), was an exception. Three of the 257 singletons were also found in the two countries. The isolates previously reported from the US, as 258 well as the single isolate recovered from Italy and the S. canis type strain, were distributed into 259 the main CCs. No geographic segregation was evident from the goeBURST analysis. 260
Phylogenetic analysis of S. canis. A tree was built by the neighbor-joining method for six 261 concatenated loci and for the individual loci, with the common data available for S. canis, SDE 262 and GAS. The concatenated sequences from each of the three species were clearly separated in 263 branches with high bootstrap support (Fig. 3) . In contrast to the 16S rRNA analysis (Figure 1 ), 264 this analysis identifies S. canis as a more divergent clade and S. dysgalactiae subsp. equisimilis 265 and GAS as more closely related. The majority of S. canis sequences were grouped together in a 266 branch with 99% support from which two branches diverged, one containing STs 20 and 21 and 267 another with the more divergent ST25 (noted before for having unique alleles at five loci). Trees 268 were also built for the individual loci. A single branch with high bootstrap support (≥99%) 269 containing only S. canis alleles was observed in the trees for all loci, independent of the overall 270 tree topology that was variable and either showed S. canis alleles more closely related to the 271 alleles of GAS than to those of SDE (gki, gtr, and murI) or as an outgroup of these two species 272 but two alleles, gki7 and recP7 were divergent from all other S. canis alleles and were more 275 similar to SDE alleles. The gki7 allele had a 16bp difference of the SDE gki10 allele (97% 276 identity), while sharing no more than 91% identity to any of the other S. canis alleles (Fig. 4A) . 277
This allele was found in isolates of ST20 (n = 1) and ST21 (n = 4) noted above for their presence 278 in a divergent branch. The recP7 allele was also divergent from S. canis alleles, being almost 279 identical to SDE recP alleles 12 (2bp difference) and 13 (3bp difference) across the 459bp 280 fragment of the recP gene used for analysis (Fig. 4B) . The S. canis recP7 was exclusively found 281 in the isolate of ST25. 282
Diversity among S. canis isolates. Analysis of the PFGE patterns generated after digestion with 283
SmaI revealed the presence of 12 clusters and two isolates with unique profiles (SID ± 95% CI, 284 0.842 ± 0.047) (Fig. 5A ). The two larger PFGE clusters identified, H 25 and B 20 , correlated with 285 the two most frequent STs as they grouped mainly ST13 (n = 13) and ST9 (n = 17) isolates. 286 Table 2 shows the distribution of STs in the various PFGE clusters. Most PFGE clusters included 287 more than one ST and in some cases the same ST was found among diverse PFGE clusters, 288 resulting in an overall low level of association between the two typing techniques, as given by 289 AW PFGE→ST = 0.364 (CI 95 , 0.224 to 0.505) and AW ST→PFGE = 0.537 (CI 95 , 0.368 to 0.706). The 290 overall correspondence between PFGE cluster and CCs was significantly higher when CCs were 291 formed at the DLV level [AW PFGE→CC(DLV) = 0.880 (CI 95 , 0.754 to 1)] reflecting the fact that a 292 significant fraction of STs included in the same PFGE cluster belonged to the same CC (Table  293 2). An example is the inclusion of STs 13, 8, 11, 12, 14 and 17, belonging to CC13 defined at the 294 DLV level, in the larger PFGE clone, H 25 (Table 2) . 295
Isolates recovered from humans and house pets were grouped together in the major PFGE 296 clusters, similarly to what was noted above for MSLT defined groups. An emm gene could be amplified from 15 isolates (17%). None of the human isolates yielded a 300 product when tested for the presence of the emm-like gene. All the emm-like positive isolates 301 were recovered from dogs. Twelve isolates were stG1389, two had a novel emm type, stG1451, 302 and one was stG663. The stG1389 was found in all isolates belonging to STs 1 (n = 11) and 24 303 (n = 1), both belonging to CC1. The novel emm type, stG1451, was found in one ST20 and one 304 ST21 isolate, both singletons at the SLV level that were double locus variants of each other. 305
Other three ST21 isolates did not amplify the emm-like gene. The stG663 was found in a ST5 306 isolate (also a singleton). emm-positive isolates were found scattered in the PFGE dendrogram, 307 including stG1389 isolates which, despite belonging to a single MLST CC, had mostly unrelated 308 PFGE profiles (Table 2) . of the large-colony forming GCGS invasive isolates (unpublished data). This is a prevalence 327 similar to the one reported for invasive isolates in the US (5). In sharp contrast to our findings, a 328 retrospective study carried out in a French hospital was unique in that S. canis exceeded the 329 number of infections caused by SDE and accounted for 1% of all isolated streptococci (23). That 330 report also identified an unusually high number of S. canis isolates from non-sterile sites, many 331 being recovered together with other bacteria and some from patients with no signs of infection 332 (23). In our study, three of the seven human isolates were recovered from non-sterile sites, 333 including two from the respiratory tract (Table 1 ). The patients did present signs of respiratory 334 infection but we cannot definitively establish a pathogenic role for this isolates. All the group G isolates described in the current work were identified as S. canis by combining 338 phenotypic and genotypic tests. The analysis of the 23S rRNA and 16S rRNA showed that we 339 were able to correctly identify more than 99% of the isolates by using the API 20 Strep system 340 alone. The high number of distinct API profiles obtained is in agreement with previous 341 observations of considerable biochemical variation among S. canis isolates (31), but were all 342 identical to S. canis profiles obtained by the same method and reported elsewhere (4, 31). Taken 343 together, our results support the usefulness of the API 20 Strep system for S. canis identification. 344
The phylogenetic tree built for the 16S rRNA gene showed that all S. canis alleles formed a 345 single branch well resolved from the other beta-hemolytic streptococcal species included. S. 346 canis alleles were more closely related to GAS, concordant with the most frequent tree topology 347 observed in 16S rRNA analysis of streptococci (19 could not detect resistance to levofloxacin in S. canis, in sharp contrast to our own observations 368 on SDE isolates recovered from human infections in Portugal, for which a resistance rate of 12% 369 was found (44). 370
Information on the genetic determinants of resistance carried by S. canis is lacking in the 371 literature. Tetracycline resistance in our isolates was conferred mainly by tet(M) and tet(O), 372 which are also the most frequently found genes in other beta-hemolytic streptococci of human 373 and animal origin (24, 49). The presence of the tet(L) and tet(S) genes has also been noted but at 374 lower frequencies (24, 34, 47). The detection of two tetracycline resistant isolates negative for 375
the presence of the genes tested in this work may indicate that other determinants could be 376 carried by S. canis isolates, which is not surprising given the known diversity of tet genes (46). 377
The erm(B) gene conferring constitutive MLS B resistance in our isolates has also been detected 378 in SDE (50). Our isolates were resistant to streptomycin while maintaining gentamicin 379 susceptibility, accordingly, these isolates were shown to carry the aadA gene, previously 380 showed that most STs were grouped into 5 CCs, accounting for more than 80% of the isolates 385 and including the unrelated STs described in the North-American study (1) . Moreover, the 386 putative founders of the main CCs defined by MLST were identified in Portugal and Germany, 387 where most S. canis isolates were recovered, and some of the singletons also included isolates 388 recovered in both countries. Taken together, the goeBURST analysis showed that the observed 389 structure of the S. canis population is not limited to a single geographic location and that S. canis 390 clones are geographically disseminated, as previously observed for human SDE (36). 391
The sequence data generated by MLST was also used to make a comparative phylogenetic 392 analysis of S. canis with SDE and GAS. The tree topologies we found for the different loci are in 393 accordance to what has been reported (1), with S. canis or SDE alleles being more closely related 394 to GAS depending on the similarity observed between the two last species, which changes the 395 tree topology (1, 36) . Although a previous study based on multilocus sequence analysis of these 396 three species showed a close genetic relationship and likely recent descent from a common 397 ancestor (27), enough sequence divergence as accumulated so that the S. canis alleles and STs 398 form discrete branches that are well separated from those of the other two species (1, 27) . In 399 view of this, the detection of one gki and one recP S. canis alleles more similar to SDE alleles 400 than to any other S. canis allele can be most parsimoniously explained by their acquisition 401 through recombination. The occurrence of DNA exchange involving SDE and GAS 402 housekeeping genes is documented (1, 36, 37) . Genomic analysis has recently shown significant 403 lateral gene transfer from GAS to Streptococcus equi subsp. equi (33) The results obtained by MLST were supported by characterizing the same isolates by PFGE. 411
Although previous studies that characterized S. canis from house pets also using PFGE SmaI 412 profiles found a diverse population (15, 30), the presence of well defined clones by both PFGE 413
and MLST in the current study point to the existence of stable genetic lineages in the S. canis 414 population which can be detected by both typing techniques. The overall agreement between 415 PFGE and MLST was weak, as denoted by the low values obtained for the adjusted Wallace 416 coefficient between PFGE clusters and STs or CCs, and only the analysis at the DLV level 417 significantly maximized the association of genetically related STs with PFGE clusters (Table 2) . 418
This observation is not unique to S. canis, as poor concordance between typing methods has also 419 been noted in the past for SDE, namely in studies that compared emm typing results with either 420 PFGE (43) or MLST (1, 36) . The reasons for these observations are not clear but, unlike MLST, 421 PFGE targets the entire genome and measures variation that could be accumulating more rapidly 422 these observations lead us to conclude that S. canis from house pets and humans form a single 432 population. The two S. canis isolates from bovine mastitis and the horse isolate had identical or 433 related STs to those of house pets and humans, indicating that this observation may be extended 434 to S. canis isolates found in other animal species. As both MLST and PFGE analysis showed that 435 human isolates do not represent separate lineages or unusual clones, one can infer that the ability 436 to infect the human host is not restricted to a few S. canis strains, but rather that several genetic 437 lineages have that pathogenic potential. 438
The major role played by the M protein in GAS pathogenesis and the virtually ubiquitous 439 presence of emm-like genes among SDE infecting humans raised the possibility that at least the 440 S. canis isolates causing infections in humans would carry emm-like genes. However, only a 441 small proportion of S. canis isolates were successfully emm typed and in none of the human 442 isolates was this gene successfully amplified. Despite the successful application of the currently 443 used emm typing protocol for both GAS and SDE, many previous studies failed to amplify an 444 emm-like gene from most S. canis isolates (5, 58), in agreement with our observations. 445
Information accessible at the CDC emm typing database shows that both stG1389 and stG663 (1) NT (1) Cat (1) a CCs are identified by the identified putative founder. S, singleton.
b PFGE clusters are designated as indicated in Fig. 5A . up, unique profile.
c NT, nontypeable. ST21  ST1  ST24  ST18  ST6  ST2  ST7  ST19   87  99   99   99   94   99   ST19  ST10  ST9  ST3  ST22  ST23  ST5  ST16  ST15 ST15  ST12  ST8  ST11  ST13  ST17  ST14 
